Correlation analyses of coronal and magnetic data, during the period August, 1942-July, 1944 show that, on the average, magnetic disturbance occurred when intense emission regions of the solar corona were situated in the eastern hemisphere of the visible solar disk. Some specific comparisons are cited with regard to the correspondence of coronal-emission regions and M-regions. Although there are some valid criticisms of the methods of correlation used thus far, the results demonstrate that a correlation does exist and that more refined and complete analysis is indicated to realize fully the value of coronal observations as apphed to short-term forecasts of disturbance. The observing procedure used at, the Coronagraph Station of the Harvard College Observatory at Climax, Colorado, and the uncertainties of observation are detailed in the appendix.
1946ApJ. . .103. .2575 A. H. SHAPLEY AND W. 0. ROBERTS solar and terrestrial effects was not like that suggested by Waldmeier or like that sometimes found for large sunspot groups. The correlation between intense coronal-emission regions and moderate magnetic disturbances has been used in the preparation of shortterm forecasts of radio-propagation conditions issued by the Interservice Radio Propagation Laboratory (I.R.P.L.). The purpose of this paper is to collect and present the evidence from which the coronal-magnetic correlation was derived, to add corroborating evidence from newer observations, and to point out the practical advantages and limitations of the correlation when applied to forecasting short-term disturbances.
Unusual activity on the sun may be detected by examination of any of the visible features of the sun, though the different visible features do not always show disturbance in the same regions of the sun's surface or to the same extent. The smoothly granulated appearance of the sun's undisturbed disk may be marred by dark sunspots or by bright faculae, which can be seen in an ordinary telescope, or by the irregular bright and dark areas /frequently discernible with a spectroheliograph and known as "plages" and "filaments"
(both of which have sometimes been called "flocculi"). In addition, disturbances of the sun may be detected by observation of the regions just beyond the perimeter of the sun's bright disk. With suitable spectroheliographic or coronagraphic apparatus, artificial total eclipses of the sun may be produced and the prominences and corona observed. Brilliant and changeable prominences are indices of solar disturbance, as are regions of intense coronal emission. All these disturbance phenomena of the sun follow the general eleven-year sunspot-cycle. In individual cases, however, strong disturbance in one of the solar features will frequently be unaccompanied by disturbance in the others. It is well known that magnetic disturbances of considerable severity may occur when no visible or significant sunspot disturbances are present on the sun's disk. Likewise, all attempts to ascertain for the other solar features a one-to-one relationship with magnetic disturbances have failed. One of the purposes of the co-ordinated solar program has been to investigate the various observable solar phenomena in their relationship to disturbances of terrestrial magnetism and to pursue in detail the extension of the analyses to ionospheric conditions for the indices of solar activity that exhibit the most promise of correlation with disturbance. Fluctuations of the intensity of the emission regions of the solar corona, as mentioned in the earlier report to which we have already referred, 3 appear to be among the most promising criteria of solar activity in relation to magnetic disturbances. Consequently, this report will stress the analysis done with respect to the solar corona.
II. CORONAL DATA
During the summer of 1930, Bernard Lyot, of France, as the climax to over half a century of unsuccessful instrumental researches by other astronomers, succeeded in photographing the solar corona and its spectrum without a total solar eclipse. The reasons for his success where others had failed are now easy to understand. Lyot had investigated all sources of instrumental scattering of light in a telescope and had completely eliminated or greatly reduced all of these by the development of an entirely new type of telescope, now known as the "Lyot-type coronagraph." Since the development of Lyot's instrument, two others have been established. One was installed at Arosa, Switzerland, by the Confederated Observatory of Zurich and has been operated by Max Waldmeier. The other was erected by Harvard College Observatory in the United States at Climax, Colorado, in the Rocky Mountains at an altitude of 11,500 feet above sea-level. The Harvard coronagraph-installation was supervised by D. H. Menzel, and the station has been operated since its establishment by W. O. Roberts.
Observations of the solar corona without eclipse are extremely difficult even with modern coronagraphic equipment. High-altitude observatories are necessary in order to supply the requisite clean, dry atmosphere; and highly developed techniques are required for the manufacture and maintenance of a coronagraph objective lens to insure the high-est possible standards of purity of glass and lens polish and to make certain that the lens is cleaned to the necessary exacting standards at ah times. This last requirement is a surprisingly difficult problem, and the success of the coronagraph depends on the degree to which it succeeds.
In so far as the solar-terrestrial research program co-ordinated under the D.T.M. C.I.W. is concerned, the function of the Harvard coronagraph has been to supply dayto-day observations of the location, extent, and intensity of the regions of bright coronal emission of the sun in the light of two prominent lines of the coronal spectrum, the green vesr UMB CORONAL INTENSITY Fig. 1 .-Correlation table of east-limb coronal intensity and west-limb intensity 14 days later, August 1, 1942 -April 30, 1944 , unrevised data (coefficient of linear correlation, 0.58 ± 0.04).
line at 5303 A and the red line at 6374 A. Incidentahy, observations of the size, shape, location, and intensity of the prominences present on the sun have been supplied in a routine fashion, together with photographs of all prominences. The coronal data have been derived from visual and photographic observations of the coronal lines displayed in a grating spectrograph used as an adjunct to the Lyot-type coronagraph. The problem is substantially one of photometry of spectrum lines from a spectrograph wherein a curved slit is used. The image of the coronal regions under study is focused upon the curved slit, so that portions of the coronal image reproduced on the spectrograph plate represent conditions at some distance above the sun's limb but at different position angles around the limb. Experiment has indicated that the magnitude of the fluctuations of coronal intensity is very great. Consequently, it has been possible to evaluate roughly the course of the fluctuations of intensity with relatively crude photometric procedures. An arbitrary scale of coronal intensities has been established, according to which the normal range of intensity varies from about 1 or 2 for the faintest measured intensities to perhaps 30 for the greatest intensities now encountered. The scale is established simply by the routine observational procedure. The accuracy of the measurements of intensity depends on the precision with which the routine is duplicated from day to day. Many of these practices require revision, but it seems highly improbable that more exact photometric methods would substantially alter the general results of the determinations. The standard observational procedure is given in the appendix.
The coronal-intensity estimates are tabulated for 5° intervals of position angle completely around the perimeter of the solar disk at a standard height from the limb, for both the green and the red coronal lines. These observations are obtained at a minimum of once daily, weather permitting, and are transmitted immediately to the co-ordinating office for use in short-term forecasts and for use in the researches detailed in this report. No observations are made of the heights of intense-emission regions of the corona, though the knowledge of this quantity would be useful. A biréfringent monochromator is being built, which will permit this determination, together with simpler and more accurate photometric studies of the corona.
The observations obtained suffice to locate the approximate solar latitude and longitude of regions of intense coronal emission when these regions pass either the west or the east solar limbs as the sun rotates on its axis. In general, coronal regions are sufficiently stable from day to day and week to week that the main features of the coronal distribution as they pass either limb are duplicated 2 weeks later as the same features pass the other limb. As shown in Figure 1 , a correlation exists between the observations of eastlimb coronal intensities and west-limb intensities of 14 days later. The data used in this figure are older measurements of the maximum intensities, since revised measures, including solar latitude, are not completed for the west limb. The period covered by the data is not quite the same as for the other analyses in this paper. The coefficient of linear correlation is r = 0.58 + 0.04, indicating a considerable degree of stability in the corona. The true correlation may be higher, since this figure also reflects errors of measurement. The coefficient will be calculated from revised coronal data comparable to the data used in the rest of this paper when these are available.
in. GEOMAGNETIC AND IONOSPHERIC DATA Disturbances in geomagnetic and ionospheric conditions are exceedingly complicated in behavior. Disturbances occur at times in some observable phenomena and not in others, and at some locations and not at others. Often, however, simultaneous disturbances of all geomagnetic and ionospheric phenomena occur at all parts of the earth. The greatest magnetic "storms" are of this character, and the more frequent disturbances of lesser severity are generally accompanied by ionospheric upsets of one type or another. In comparing solar and terrestrial phenomena, it is advisable, for simplicity, to use as an indicator of terrestrial disturbance one that is free from local anomalies and one that does not overemphasize any one particular type of disturbance. If, through the use of worldwide average indices of this sort, we can uncover a significant correlation with solar phenomena, then more detailed investigation of the relationship with regard to specific types of terrestrial disturbance may prove still more profitable.
For comparison with daily solar observations a world-wide terrestrial index averaged over a half-day or a whole day seems most satisfactory. A character-figure of this sort describing ionospheric disturbances has yet to be developed, but, for some time, average magnetic character-figures from combined observations of widely scattered stations have been available. In general, the ionospheric character-figures and the magnetic indices correlate rather well, 4 and any solar-terrestrial relationship discovered for the magnetic indices must perforce also be valid for the ionospheric.
The indicator of magnetic disturbance used in this paper is derived from the "Reports of Geomagnetic Activity/' prepared weekly by D.T.M. C.I.W. Table 1 of those Reports gives magnetic character-figures for the first and second half of each Greenwich day on a scale of increasing disturbance from 0.0 to 2.0, based on combined estimates of the degree of disturbance at seven widely separated magnetic observatories. Ten times the sum of the two half-daily character-figures is a daily indicator of magnetic disturbance, which we have designated by the symbol 20 Ca. The extreme range is obviously 0-40, and the mean value during the period August, 1942 -July, 1944 . This indicator is nearly proportional to the American magnetic character-figure Ca, published quarterly in the Journal of Terrestrial Magnetism and Atmospheric Electricity.
Since many workers in this field are accustomed to the K-indices, which measure magnetic activity on a scale of 0-9 at 3-hourly Greenwich intervals, we show in Figure 2 the correlation during the period August, 1942 -July, 1944 Ca and the daily sum of the KA-indices given in Table 2 of the "Reports of Geomagnetic Activity." The coefficient of linear correlation, +0.965 + 0.002, is very high, and analyses comparing solar data with 20 Ca will have approximately the same significance as with the daily sum of Ka.
IV. CORRELATION ANALYSIS AND RESULTS
A) Superposed-epoch analysis.-Shortly after the inception of the co-ordinated solarterrestrial program, and, indeed, even before it, different workers connected with the program noticed that there seemed to be a significant increase in the probability of magnetic or ionospheric disturbance from one to a few days following the appearance at the east limb of the sun of a region of intense coronal emission. A considerable amount of preliminary analysis was performed more or less independently by members of the staff at D.T.M. C.I.W. and by those at the Climax station. This foundation work indicated not only that there was promise of a significant correlation being derived from more detailed statistical work but also that the relationship between coronal-emission regions and world-wide average magnetic conditions was not a one-to-one relationship. The report, 3 already referred to, summarized preliminary results of further detailed statistical analysis, which was performed at D.T.M. C.I.W.
The method used in comparing coronal and magnetic data is similar to the superposedepoch method developed by Chree to test and verify the 27-day recurrence tendency of magnetic storms. The advantage of this method is that it removes all suspicion of preconceived opinions as to the time lag between solar and terrestrial phenomena and derives this value in a completely unbiased manner. In addition, the method gives some notion of the value of the correlations which it may reveal.
In our adaptation of the method, days on which the corona was significantly bright on the east solar limb were chosen as the zero-days with reference to which the succeeding days were numbered ordinally. A table was prepared in which a row was assigned to each zero-day derived from the coronal observations, and a column was assigned to all ordinally numbered days from -4 to +15 or more with respect to that zero. The appropriate values of 20 Ca were entered in the columns of the table by counting from the actual date of each zero-day. Arithmetic means of the values tabulated in each column of the table were then calculated; these means indicate the average course of the magnetic activity following the bright coronal emission which took place on the zero-day. If there were no correlation between the bright corona and magnetic activity, the means of the successive columns would display a random distribution about the mean value for all days in the table. The existence of a real correlation would be shown by some significantA. H. SHAPLEY AND W. 0. ROBERTS co r-LO CM oo o ^ departure from randomness in these successive means. In general, a significant correla-^ tion would give rise to a distribution of means, whose values, when plotted vertically ^ against the ordinal numbers of the columns, would fall upon a relatively smooth curve rising above and below the mean value for all days. The magnitude of the departure from the mean value of this curve and its smoothness, together with other considerations, would establish the significance of the correlation. This procedure was followed in our work, using as zero-days all days on which the Observatory at Climax reported that the corona on the east limb was brighter than 10 units, on the arbitrary scale of 0-30. The coronal observations, unfortunately, are not complete. Conditions of weather permitted observations on only 424 out of the 731 days in the period August 1, 1942-July 31,1944. Many days on which the corona was probably bright , did not appear in the tabulations. Errors were also introduced by the fact that the scale of coronal intensities was inadequately standardized, so that the observations in borderline cases probably did not correctly assign the zero-days of bright east-limb coronal intensity.
In this analysis only the observations of the green coronal line at the east solar limb were used. West-limb observations and red-line observations at either limb have not yet
Figs. 3, 4, and 5.-Mean magnetic character of days with reference to day of observation of bright east-limb corona.
been utilized in this way. The range of intensity of the red line is smaller than that of the green line, though there is some indication that red-line values may be somewhat better determined on days when observing conditions are poor.
Figures 3 and 4 show the mean magnetic character-values derived from successive columns of the work table and plotted vertically against the number of days before or after the zero-day of bright east-limb green-line coronal intensity. The data have been divided into two groups, and the correlation studied independently in each. In both, a significant correlation seems to exist, with greater-than-average magnetic disturbance appearing shortly after the zero-coronal date and continuing through the eighth or ninth 1946ApJ. . .103. .2575 day, with a maximum somewhere between the fourth and the seventh days, on the average. In both periods the magnetic activity is lower than average after about the eighth day, for 5 or more days. In Figure 5 both sets of data are combined.
In the procedure followed above, an intense magnetic storm will tend to dominate the mean curves, not only because of the very large mean character-figures but also because of the long duration usual for such disturbances. This tendency can be reduced by dividing all days into two categories according to whether their magnetic character is greater, or less, than some arbitrary limit, and then plotting superposed-epoch graphs, in which the tabular entries are simply checks for disturbed days and blanks for undisturbed and in which the ordinate of the final graph is simply the number of checks in each column or some number proportional to this. Such occurrence-frequency graphs may be plotted foi any chosen arbitrary limits of magnetic disturbance.
The results shown in Figures 6-8 were obtained with the same coronal limit as above (that is, coronal intensity ^ 10), and when a disturbed day was defined as one with magnetic character-figure 20 Ca of 9 or more. By this definition, 44 per cent of the days in the whole period were disturbed. The ordinates are percentage of days called disturbed according to the chosen arbitrary definition of disturbance. The results in Figures 9-11 were obtained in a similar fashion, except that 15 on the scale of 20 Ca was taken as the arbitrary lower limit for disturbance. According to this definition, 26 per cent of all days were disturbed.
The significant feature of all these graphs and the strikingly new conception to be derived from them are that the probability of geomagnetic disturbance was very markedly greater while the regions of brilliant coronal emission were located somewhere on the eastern half of the solar disk and that, by the time they had reached the central meridian Figs. 9, 10, and 11.-Occurrence frequency of days of magnetic character-figures, 20 C A , ^ 15 with reference to day of observation of bright east-limb corona.
of the sun, the probability of disturbance had definitely begun to drop and, still further, that about 2-5 days after central-meridian passage of these coronal regions the disturbance probabilities were markedly decreased. By the tenth day after any given zero-day in the period examined, the probability of disturbance, as shown by Figures 8 and 11 , had dropped to one-half and one-third, respectively, that of the fourth day. This result is in marked contrast to the form of the coronal relationship proposed by Waldmeier 2 on the basis of his comparisons with the Potsdam magnetic observations, namely, that the probability of magnetic disturbance was significantly increased 8 days after the eastlimb passage of regions of bright coronal emission. Of course, his observations and ours 1946ApJ. . .103. .2575 A. H. SHAPLEY AND W. 0. ROBERTS do not cover the same intervals of time, but it seems unlikely that the form of the relationship would have differed markedly in these two periods.
All the analyses thus far described have utilized superposed-epoch techniques based on consideration of all days on which the corona was brighter than intensity 10 on the arbitrary Climax scale. Active solar regions are, however, frequently large in extent and take several days to pass the limb. On these occasions a high coronal intensity will be recorded for several consecutive days, each of which will appear in the tables as a zero-day. Therefore, a coronal region of large surface area will have a much larger weight than more sharply defined smaller regions, though from the latter it is reasonable to expect a better definition of the time relationship between appearance of corona and occurrence of magnetic disturbance. For the purpose of forecasting disturbances it would be advantageous Fig. 12 {right) .-Superposed-epoch diagram showing magnetic activity with reference to day of first appearance of bright coronal region on east limb, August, 1942 -July, 1944 . Fig. 13 {left) .-Superposed-epoch diagram showing magnetic activity with reference to day when bright coronal region centered on east limb, August, 1942 -July, 1944 to find the relationship between the day of first appearance of a bright coronal region on the east limb and the commencement of magnetic disturbance. This would permit issuance of forecasts somewhat further in advance.
Interruptions of the daily series of coronal observations because of vagaries of weather make accurate identification of the days of first appearance of regions of intense coronal emission sometimes uncertain. We have, however, carried out a superposed-epoch analysis, using for zero-days the day of first appearance of bright east-limb corona after a period in which faint corona was observed, regardless of discontinuities in.the observations. Figure 12 shows the result of this analysis, which reveals that generally there was an abrupt increase in magnetic disturbance on the third or fourth day after the zero-day. The greater sharpness of this peak and the longer time from zero-day to disturbance conditions make this a more appropriate form of the coronal-terrestrial relationship for use in short-term forecasting of geomagnetic phenomena.
A representation of the average position on the solar disk of bright coronal regions at the time of magnetic disturbance is given if the zero-day is taken as the day when thé intensity of a coronal region passing the east limb is a maximum. The results of superposed-epoch analysis carried out thus are shown in Figure 13 . This analysis establishes that maximum magnetic disturbances occurred when the most intense portions of the bright coronal region were situated about 40° of solar longitude east of the central meridian of the sun. B) Comparison of specific disturbances with specific solar phenomena.--For over a decade those engaged in research relating to the correlation of magnetic and solar activity have followed the suggestion of Bartels 5 in ascribing the cause of the magnetic storms which recur with a 27-day period to hypothetical "M-regions'' on the sun. Numerous attempts have been made to associate these M-regions with visible features of the sun, such as sunspot groups, faculae, or plages. It has been customary to consider that an M-region must be near the central meridian of the sun when it emits the radiation which produces magnetic disturbances on the earth. The transmission time of this disturbing radiation has been thought to be of the order of Í day for large magnetic storms, but C. W. Allen suggests that it may be longer for minor recurrent disturbances. 6 Attempts to identify the M-region with some visible feature of the sun's disk have failed.
It is of interest to compare M-regions with the regions of bright coronal-line emission. Allen, Waldmeier, and others have suggested that M-regions may prove identical with coronal-emission regions. Allen 6 points out that the M-region maximum about 2 years before sunspot minimum indicates a possible coronal origin, since at this time coronal regions are presumably nearer the equator and presumably more effective. Besides this, the continued existence of M-regions through sunspot minimum indicates that they can occur independently of sunspots.
Waldmeier has stated that M-regions are identical with regions of bright-green coronal-line emission 2 and that the terrestrial effect takes place about 1 day after the region of bright corona has passed the central meridian of the sun. Our work indicates that a different relationship obtained during the period analyzed and thus that the M-regions, if they are to be identified with regions of bright coronal* emission, are located on the solar disk in such a position that their influence is noticed at the earth several days before they reach the central meridian of the sun.
Several supporting observations tend to strengthen our confidence in the possibility that M-regions and coronal-emission regions may be the same. First, M-regions are most intense and persistent about 1 or 2 years before sunspot minimum, when the corona has its maximum equatorial extension; 6 and, second, coronal regions tend to exhibit a considerable degree of permanence on the solar disk, even when no sunspots are present, with 6 months' duration not uncommon-also a characteristic of M-regions according to Allen. 6 As emphasized in an earlier report, 3 the number of magnetic disturbances is comparable to the number of bright coronal maxima. Still further, many disturbances and coronal regions tended to be spaced 14 days apart in time, or 180° apart on the sun.
As a test of these notions, we have considered the magnetic phenomena for the year 1943 as summarized by H. W. Newton. 7 According to Newton, the most pronounced feature of the Bartels diagram of magnetic phenomena of 1943 is a broad vertical sequence of symbols, indicating the existence of a long-continued series of recurrent disturbances with their definite initiation on August 29, though with some slight indication of their presence for two or three rotations prior. These recurrent disturbances Newton attributed to a pronounced M-region on the sun from August 29, 1943, through January 11, 1944. To the M-region he ascribed a fairly abrupt front, corresponding in time of terrestrial effect to the dates shown in Table 1 .
One of the most striking features of the coronal results for the year of 1943 is the definite sequence of stable coronal-emission maxima, for which sharp rises in intensity first passed the east limb of the sun on the dates shown in Table 2. 1946ApJ. . .103. .2575 A. H. SHAPLEY AND W. O. ROBERTS On July 3, 1943, there was a similar peak on the east limb, but it was of low intensity as compared with the others. The peaks of November and December were most pronounced. The peak in January was poorly established because of incomplete observations, and a poorly established peak was located in February. In March, because of bad weather, no significant observations were possible.
The distribution with latitude of the coronal emission associated with this M-region is of interest. The coronal emission was strongest at approximately 10 o -20° north of the equator at the east limb. However, a statistical study would be needed to determine whether this represents the zone at which coronal maxima are most effective in producing terrestrial disturbance. Figure 14 shows the relationship of average coronal intensities in the zone 10 o -25° north of the equator to the date given by Newton for the M-region front, taken as zeroday. The average curve shows that the highest coronal intensity occurred on the zeroday, but a significant rise in coronal intensity appears 3 days earlier. The September coronal peak came earlier with respect to the zero-day than the others. These specific comparisons are in agreement with the statistical result of the preceding section, best exhibited in Figure 12 , where it is also shown that intense coronal regions first appear at the east limb approximately 3 days before a sudden increase in the probability of magnetic disturbance. The peak shown in the average curve (Fig. 14, B) at the zero-day does not indicate that the coronal intensity was at maximum on the same day that the magnetic activity was at maximum. It means simply that the coronal intensity reached maximum on the day that the magnetic disturbance commenced. Since the duration of these recurrent disturbances was approximately 8 days, it is clear that the coronal-emission region was situated between the east limb and the central meridian of the sun during the disturbance.
This type of specific comparison could profitably be extended to more data. The example cited here is included to indicate that a detailed comparison of M-regions and coronal regions is in accord with our statistical results. Further work should be done to determine whether the direct association of these stable coronal regions with the stable M-regions postulated to explain recurrent magnetic phenomena is sufficient to explain the statistical correlation of coronal emission and magnetic disturbance or whether bright coronal emission also accompanies the frequently very intense nonrecurrent magnetic storms sometimes encountered.
V. DISCUSSION OF RESULTS
A) Short-term magnetic and ionospheric forecasting-Tht basic objective of the solarterrestrial correlation study co-ordinated under the D.T.M. C.I.W. is to improve the techniques of short-term forecasts of the behavior of ionospheric layers for use in radio communication and allied problems. For the successful attainment of this objective the coronal data have definite usefulness. The significance of the statistical relationship between bright coronal emission at the east solar limb and the occurrence, 3-4 days later, of disturbances of geomagnetic conditions, and thus of ionospheric conditions, can be evaluated by reference to Figures 8 and 11 . The application of the principles implicit in the construction of the superposed-epoch graph to predictions would have produced, in the test period, success in six out of ten predictions of disturbance, and in four of these six the magnetic conditions could have been predicted to be of considerable severity, with character 20 Ca equaling 15 or greater. It should be noted, however, that disturbances of this magnitude are still definitely moderate, as compared to what has classically been regarded as disturbed, although they still have a significant effect on the properties of the ionospheric layers.
Forecasts made simply on the basis of the well-known 27-day recurrence tendency of magnetic activity will achieve considerable success, especially near minimum epoch of solar activity. Figure 15 , A shows the mean activity f oho wing days with magnetic char-1946ApJ. . .103. .2575 A. H. SHAPLEY AND W. O. ROBERTS acter 20 Ca ^ 15, during an 8-month interval when the recurrence tendency was marked, derived by the superposed-epoch method. The recurrence is clearly shown, with activity peaked 26-29 days after the disturbed zero-day. If the recurrence were exact, the peaks centered at zero and at 27 days would be similar. The broad recurrence peak indicates that periods slightly different from 27 days existed. During May-December, 1944, the recurrence was less well marked, as shown in Figure 15 , B. During this time, recurrence tendency was of little use in forecasting disturbed conditions.
The first disturbance of a recurrence sequence obviously cannot be anticipated by such a method of forecasting. This, together with changes in timing and intensity of recurrent activity, must be estimated from solar observations. The coronal-magnetic relationship, as noted above, is an example of the way in which solar observations can be used to anticipate disturbance several days ahead of time.
Forecasts made only by strict application of the 27-day recurrence tendency or only by the coronal relationship achieve about equal success. In practice, coronal information is combined with a knowledge of other solar data, especially on calcium plages and with a knowledge of recurrence phenomena, and forecasts are prepared by the I.R.P.L. with the collaboration of D.T.M. C.I.W. by qualitative consideration of all observations.
There is, however, still considerable uncertainty in the coronal data and in the use that it is so far possible to make of them. It is hoped that further analyses will result in better methods of forecasting through improved knowledge. A study of the effect of latitude distribution on the nature of the correlation is perhaps the most important of these, inasmuch as the active solar regions encountered during the test period were predominantly in low latitude, belonging to the waning cycle, whereas regions of the new cycle, in high latitude, have since become more numerous. This study, together with studies using observations of the red coronal line, is currently in progress, but the analyses have 1946ApJ. . .103. .2575 MAGNETIC DISTURBANCES AND SOLAR CORONA 271 not proceeded far enough for a statement of results. These investigations are directed toward determining criteria from coronal observations to account for times when the relationship differed from the average. For instance, there are cases in the period analyzed when a series of disturbed days began only 1-2 days after the first east-limb appearance of bright coronal regions, and in other cases the disturbances did not start until 5 or more days after the east-limb appearance. In many cases, too, the correlation broke down completely, and no disturbance followed bright east-limb coronal observations. However, only very rarely in the 2-year period covered by the analysis was there any significant geomagnetic activity without there also being a significantly bright coronal region located on the eastern half of the visible solar disk It is obvious that forecasts using present methods based on the present incomplete coronal data alone are not entirely trustworthy. It is also strongly indicated that we cannot remove all shortcomings of forecasts made according to present methods of coronal analysis simply by obtaining complete and more accurate coronal data, much as these would help. Probably, we can never obtain completely trustworthy forecasts from coronal observations. But, since we have derived a correlation that seems to have a higher significance than those derived from other solar phenomena and since there is some reason to expect that the physical conditions of the solar corona can influence those of the ionosphere, the authors believe that investigation of the coronal-magnetic relationship merits further intensive study, including improvement and extension of coronagraphic observations, as well as more detailed statistical analysis.
B) Physical meaning of results,-While a detailed discussion of the physical meaning of the results of the analysis presented here is beyond the scope of this paper, a few remarks may be appropriate. In the past it has been customary to attribute solar influences on magnetic and ionospheric-disturbance phenomena to either or both of two possible physical mechanisms : we have thought that the sun must produce its action either by generation of unusually intense ultraviolet action at times, or by emission of unusually strong or concentrated neutral streams of charged corpuscles which travel with a velocity less than that of light. The ultraviolet action, it is generally beheved, produces the sudden complete radio fadeouts which are confined to the visible hemisphere of the earth. The j effect is chiefly increased ionization resulting in absorption in the D-layer, with higher ' layers relatively unaffected. The corpuscular streams are thought to produce magnetic storms and disturbances in all regions of the ionosphere, especially the higher layers. These occur on both the bright and the dark terrestrial hemispheres, and especially at high latitudes.
If bright coronal-emission areas are the cause oí these magnetic and ionospheric storms, the physical process involved in directing the particle streams to the earth from y the east half of the visible disk is rather difficult to visualize. Two forms of evidence have been used to support the belief that the particle streams require approximately 1 day to come from the sun to the earth. First, there appears to be a tendency for a magnetic storm to follow about 24 hours after a sudden radio fadeout. Since the latter is supposed to have been due to radiation propagated with the velocity of light (ultraviolet), perhaps j originating in a "chromospheric flare," and since it is reasonable to ascribe á common origin to the two phenomena when they are regularly associated, the 1-day lag between them has been ascribed to the transmission time of the particles in transit between the sun and the earth. Second, great magnetic storms frequently occur 1 day after large sunspot groups have passed the central meridian of the sun. It has been conventional to assume that the particles were emitted radially from the sun when the spot groups were on the central meridian.
The results of our analysis are not necessarily in discord with these conclusions. We are faced with the following two alternatives: (1) The magnetic storms to which the conclusions of the above paragraph refer are the "great" magnetic storms, of which there are few, if any, examples in our test period and for which different physical processes 1946ApJ. . .103. .2575 may be postulated from those operating with the lesser magnetic disturbances mainly concerned in our coronal analysis ; or (2) a hitherto undiscovered relationship must exist between the location of a sunspot group and the presence of a region of intense coronal emission following the sunspot group approximately 40° in longitude.
If the first-mentioned alternative is correct, we are not bound, in speculating on the physical meaning of the coronal relationship, to include in an explanation the observed statistical correlation of central-meridian passage of large sunspot groups with the daylater magnetic storms. In support of this alternative, the only great magnetic disturbance in the test period occurred April 1-3, 1944, when the coronal observations were seriously incomplete because of bad conditions of weather at Climax.
If the second alternative is correct, we have a more difficult physical situation. The second alternative appeals because it does not require the development of two different explanations for magnetic storms, depending on whether they are greater or less than some certain magnitude. It is., of course, impossible to derive from coronal observations any knowledge of the transmission time from sun to earth of the radiation or corpuscles responsible for magnetic storms, without some assumption as to the direction in which the corpuscles or radiation are emitted and travel or without some other method of determining the time at which they leave the sun. With the coronal correlation we have derived, neither the practically instantaneous transmission of ultraviolet nor the 1-day transit time ascribed to corpuscles seems to simplify the physical interpretation. If we have reason to believe that a transit time of about 1 day from sun to earth is correct from physical theory or from other observations, then we are faced with the necessity of finding a mechanism by which the disturbing corpuscles are ejected from the east half of the sun's visible disk at an angle of roughly 45° forward with respect to solar rotation. That is, if a 1-day or less transit time is correct, the ejection must be directed toward the earth when the effective coronal region is several days east of the central meridian but not when it is correspondingly west of the central meridian, unless we discover that another geomagnetic influence takes place when coronal regions are at some preferred position in the west half of the solar disk. Such a possibility seems ruled out by our preliminary studies. C) Shortcomings of the present correlation analysis.-Valid objections of several sorts may be brought to bear upon the superposed-epoch analysis presented herein. The work which has been done thus far must admittedly be classed as preliminary. It is our purpose, at some future time, to present the coronal-magnetic analysis in a more complete form, with more detailed statistical results.
The superposed-epoch graphs presented here were made in an effort to determine accurately the usefulness of the coronal data for making forecasts of the geomagnetic-disturbance character-figures. As such they serve their purpose adequately and indicate that further work is desirable. Furthermore, they leave us no uncertainty about the reality of the correlation of corona and geomagnetism.
One important objection to our superposed-epoch analysis is that even the coronal and magnetic data which are used are very incompletely utilized, and the correlations derived are thus weakened. In the case of occurrence-frequency graphs like those of Figures 6-13 , the two continuously variable quantities-the coronal intensity and the magnetic character-are divided arbitrarily according to whether the measured values are above or below chosen limits. Without the construction of large families of such graphs much of the observational information contained in the magnitudes of the observed data is thereby discarded. A more desirable treatment would be the construction of actual correlation tables and the derivation of correlation coefificients between corona and magnetic character for different numbers-of-days' lapse between east-limb coronal observations and magnetic observations. To cover in this fashion the lag for a large number of days, as is readily done in the superposed-epoch analysis, would entail greater labor than we have yet been able to expend. A start at such analysis has been made, however. The problem is readily adaptable to punch-card Hollerith machine study.
A serious criticism of our results is that no significance tests of the correlations have been derived, except the probabilities expressed in Figures 8 and 11 . These probabilities have not been compared with probabilities derived from other solar data, to show whether or not the coronal observations are superior, for example, to sunspot data used for the same purpose. 4 Still another criticism of the present analysis is that not all the available observational data have been considered. Coronal observations for the west limb and for the red line 6374 A have not been utilized in the analysis, though they are used to some extent in the actual methods of forecast. Nor has any considerable use been made of the important latitude-distribution data and their relationship to the changing heliographic latitude of the earth. Quantitative study of the degree of stability of coronal regions should be made with the same coronal data as were used for the superposed-epoch studies. This information is of importance if coronal regions are actually identifiable with the hypothetical solar M-regions.
In spite of the obvious shortcomings of the results, we feel considerable confidence in the reality of the new coronal-terrestrial relationship set forth herein. The superposedepoch graphs have the virtue of being entirely objective. No preconceived notions of the form of the relationship can be inserted into them. And, though actual tests of significance have not been carried out, the strikingly high probability of magnetic disturbance 4 days after east-limb coronal maxima, as compared with the probability of disturbance 2 days before or 10 days after east-limb maxima, is indubitably significant.
APPENDIX
The standardization of the coronal scale of intensities observed at Climax in the test period has been accomplished simply by preserving the uniformity of the routine of operations involved in the observations. A statement of this routine is given in this appendix. Since the end of the test period, certain of the procedures have been improved'to permit better standardization of the photographic operations.
Six exposures daily are made at different solar position angles on Eastman Spectroscopic plates, Type 103-F. These are exposed in the spectrograph-coronagraph system (of approximately//30 effective aperture) with a standard exposure time of 1 minute, with a yellow filter in the system (Eastman Kodak Company Wratten K-2) and with a spectrograph-slit opening of 0.002 inch. The spectrograph is of Littrow design, with 96-inch focal length, producing a dispersion of 8 A per mm at 5a by means of a metal grating ruled by R. W. Wood with 14,000 lines per inch and designed to concentrate a large percentage of the total incident light in the first order of the grating. Within the optical system are twenty air-glass surfaces and two reflections, one from a front-surfaced aluminum mirror and the other from the grating.
Development of the photographic plates is uniform; fresh solutions of Eastman Kodak Company formula No. D-19 are used with 8-minute development at 65° F, giving 7 = 2.5. The coronal-line intensities derived from the finished plates are estimated by interpolation against artificial lines of various intensities preserved on a test plate which is stored and used for all determinations. These artificial lines were recorded in the laboratory in such a manner that their appearance closely resembles the real coronal lines in apparent width and color of image. The intensities so derived are compared with visual-intensity estimates made earlier with an eye piece used directly at the spectrograph. The agreement is generally acceptable, the values usually being within 20 per cent of each other.
All estimates of intensity, with a very few exceptions, and all plate exposures prior to October, 1944, with the same few exceptions, were made by W. O. Roberts. Since October, 1944, plates have been exposed according to the standard observing procedure by an additional observer. Plates have been developed according to the standard procedure by four different workers.
Some of the obvious sources of error affecting the accuracy of the intensity estimates thus derived may be listed as follows:
1. Variations of photographic emulsions.-Several different coatings of the Eastman 103-F plate have been used, but large numbers of plates of a given emulsion are generally obtained at one time. Some evaluation is made of the magnitude of the effect encountered during a change
